INTRODUCTION {#SEC1}
============

Reactive oxygen species (ROS) play a major role in physiological and pathophysiological processes ([@B1]). Mitochondria are particularly susceptible to oxidative damage since electrons that leak from the electron transport chain in the inner mitochondrial membrane react with oxygen to produce superoxide anion, O~2~^.−^ ([@B4]). The formation of O~2~^.−^ accounts for ∼0.15% of mitochondrial oxygen consumption ([@B4]). Superoxide anion is unstable and cannot traverse membranes; however, it is quickly converted to membrane-permeable hydrogen peroxide that can then undergo Fenton chemistry to yield the very reactive hydroxyl radical in the mitochondrial matrix. Reaction of the hydroxyl radical or other reactive species with mitochondrial DNA (mtDNA) or lipids can lead to the formation of base propenals and malondialdehyde (MDA) respectively (Figure [1](#F1){ref-type="fig"}) ([@B5]).

![Formation of M~1~dG from MDA and base propenals and the oxidation of M~1~dG to 6-oxo-M~1~dG.](gky089fig1){#F1}

Both base propenal and MDA are electrophiles that react with DNA to generate a variety of adducts, including the most abundant species, 3-(2-deoxy-β-[d]{.smallcaps}-erythro-pentofuranosyl)pyrimido\[1,2-α\]purin-10(3H)-one (M~1~dG) (Figure [1](#F1){ref-type="fig"}) ([@B9],[@B11]). M~1~dG is mutagenic through its ability to induce base-pair substitutions and frameshifts ([@B5],[@B12]). Earlier work suggests that it is removed by nucleotide excision repair (NER) and that the free mononucleoside is oxidized to generate a single metabolite, 6-oxo-M~1~dG (Figure [1](#F1){ref-type="fig"}) ([@B15]). Very recently, we demonstrated that M~1~dG is also oxidized to 6-oxo-M~1~dG in genomic DNA of intact cells and that M~1~dG is preferentially oxidized rather than removed by NER, at least in some cell lines ([@B16]).

In this study, we report that mtDNA isolated from several distinct cell types, including human embryonic kidney (HEK293), human liver carcinoma (HepG2), and human colon cancer (RKO) cells, exhibit basal levels of M~1~dG that are substantially higher than those observed in genomic DNA. Adduct levels increased with base propenal exposure and were strongly correlated with levels of oxidative stress. M~1~dG was distributed throughout the mitochondrial genome with no sequence specificity. 6-Oxo-M~1~dG was not observed in mtDNA from cells exposed to any conditions examined. Finally, we demonstrate a relationship between disruptions in the bone morphogenetic protein (BMPR2) signaling pathway and M~1~dG levels in mtDNA. These results provide new insight into the relationship between oxidative stress and mtDNA damage that may lead to mutations associated with aging and degenerative diseases ([@B17]).

MATERIALS AND METHODS {#SEC2}
=====================

General procedures {#SEC2-1}
------------------

All chemicals were obtained from commercial sources and used without further purification unless otherwise noted. Anhydrous solvents were purchased from Sigma Aldrich, St. Louis, MO, USA. All ^1^H and ^13^C NMR spectra were referenced to internal tetramethylsilane (TMS) at 0.0 ppm. The spin multiplicities are indicated by the symbols s (singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m (multiplet) and br (broad). Reactions were monitored by thin-layer chromatography (TLC). Column chromatography was performed using commercial silica gel and eluted with the indicated solvent system. Yields refer to chromatographically and spectroscopically (^1^H and ^13^C NMR) homogeneous materials.

Preparation of adenine propenal {#SEC2-2}
-------------------------------

Adenine propenal was prepared as previously described ([@B8],[@B16]). However, the pure compound was isolated by column chromatography eluted with 5% methanol in ethyl acetate.

Preparation of stably labeled M~1~dG and 6-oxo-M~1~dG internal standards {#SEC2-3}
------------------------------------------------------------------------

\[^15^N~5~\]-6-oxo-M~1~dG was synthesized as described previously by substituting \[^15^N~5~\]-dG (Cambridge Isotope Laboratories, Andover, MA, USA) for dG ([@B15]). Similarly, \[^13^C, ^15^N~2~\]-M~1~dG was synthesized as described previously by substituting \[^13^C, ^15^N~2~\]-dG (Cambridge Isotope Laboratories, Andover, MA, USA) for dG ([@B27]).

Cell culture and treatment of cells with adenine propenal {#SEC2-4}
---------------------------------------------------------

RKO, HEK293, or HepG2 cells (5 × 10^6^) were grown as described previously ([@B16]). After 24 h, the medium was removed, and fresh medium without serum but containing adenine propenal (400 μM) was added for 1 h. The electrophile was removed, and fresh medium without serum was added. Then the cells were incubated for 0, 1, 2, 3, 6, 9, 12 or 24 h. Following incubation, the cells were harvested and lysed as described previously ([@B16]). The nuclei were isolated at 1000 × *g* at 4°C for 5 min, and the supernatants were removed as the mitochondrial fraction. The mitochondria were pelleted at 10 000 × *g* at 4°C for 10 min. They were then washed with 1 ml of a solution containing 250 mM sucrose, 1 mM EDTA, 20 mM HEPES (pH 7.5) and 0.2% protease inhibitor cocktail and pelleted at 10 000 × *g* at 4°C for 10 min. The mitochondria were then assessed for purity by western blot analysis probing for Atp5a following lysis of an aliquot of the organelle. DNA from the mitochondria was isolated, purified, and quantified as described previously ([@B16]).

Quantification of adducts in mtDNA {#SEC2-5}
----------------------------------

Prior to digestion, a portion of each sample was diluted 1:1000 in order to quantify dG levels. Internal standards, \[^15^N~5~\]-6-oxo-M~1~dG and \[^15^N~2~,^13^C\]-M~1~dG (5 or 10 pmol), were then added to the original samples, and \[^15^N~5~\]-dG (1 nmol) was added to the diluted samples. For all samples, the DNA was digested using standard conditions as described previously ([@B16]) with appropriate adjustments of enzyme concentrations for the diluted samples. The digested samples were desalted using Oasis HLB 1cc (30 mg) extraction cartridges (Waters Corporation). The cartridges were activated with two column volumes of methanol and then washed with five column volumes of water. The samples were loaded on individual cartridges and then washed with three column volumes of water, after which the nucleosides were eluted with two column volumes of methanol. The eluents were evaporated using a TurboVap LV evaporator giving a residue that was dissolved in water. The samples were then analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using the conditions described previously ([@B16]).

Effect of TEMPO on M~1~dG levels during cell lysis and DNA isolation {#SEC2-6}
--------------------------------------------------------------------

RKO cells were grown as previously described ([@B16]) except that no electrophile or other treatments were added. The cells were lysed as described with the exception that 10 mM TEMPO was added to the cocktail used for the lysis. TEMPO was also added to cocktails used for the lysis of the mitochondria as well as the isolation of mtDNA. Digestion and analysis of mtDNA proceeded as described above.

M~1~dG levels in genomic mtDNA in RAW264.7 macrophages {#SEC2-7}
------------------------------------------------------

RAW264.7 macrophages (5 × 10^6^) were grown in DMEM + Glutamax medium (Invitrogen) with 10% fetal bovine serum at 37°C with 5% CO~2~ on plates 150 mm in diameter. After 24 h of incubation, the medium containing fetal bovine serum was replaced with serum-free medium for 24 h. The cells were then harvested at 0, 1, 2, 3, 6, 9, 12 or 24 h. DNA was isolated from the mitochondria and analyzed by LC--MS/MS as described above.

Effect of oxidative stress on M~1~dG levels in genomic mtDNA {#SEC2-8}
------------------------------------------------------------

RKO, HEK293, and HepG2 cells (5 × 10^6^) were grown in RPMI 1640 medium with 10% fetal bovine serum at 37°C with 5% CO~2~ on plates 150 mm in diameter. RAW264.7 macrophages (5 × 10^6^) were grown in DMEM + Glutamax medium with 10% fetal bovine serum at 37°C with 5% CO~2~ on plates 150 mm in diameter. After 24 h, the medium was removed, and fresh medium without serum was added for 24 h, after which, in separate experiments, the cells were treated with rotenone (100 nM, final concentration), TEMPOL (10 μM, final concentration), mitoTEMPO (10 μM, final concentration), or antimycin A (10 μM, final concentration). After 24 h of incubation, the cells were harvested, and mtDNA was isolated and analyzed as described above.

M~1~dG levels in genomic mtDNA in endothelial cells from BMPR2 mutant and heterozygous mice {#SEC2-9}
-------------------------------------------------------------------------------------------

Pulmonary microvascular endothelial cells (PMVEC) were isolated from wild-type, BMPR2 heterozygous null (*BMPR2*^+/−^) and transgenic BMPR2 mutant (BMPR2^R899X^) mice that had been crossed onto the Immortomouse background, as previously described ([@B28]). The conditionally immortalized lines were maintained at 33°C in the presence of murine interferon-gamma (IFN-γ) to maintain immortalization. Prior to all experiments, cells were transitioned to 37°C and IFN-γ removed from the media for at least 72 h prior to allow for transition back to primary phenotype. For the wild-type and the BMPR2^R899X^ cells, doxycycline (300 ng/ml) was added to the medium to induce expression of the BMPR2 transgene (the construct being Rosa26-rtTA x TetO~7~-BMPR2^R899X^) at the time of transition to 37°C. At near confluency, cells were harvested, mitochondria isolated, and DNA was extracted, digested, and analyzed as described above.

DNA sequencing analysis {#SEC2-10}
-----------------------

RKO cells were synchronized as described above and were then treated with or without 400 μM adenine propenal for 1 h. DNA was isolated from the mitochondria as described earlier. The DNA was then sheared by sonication (8 cycles of 20, 1 s pulses) to produce fragments between 100 and 500 base pairs in length (verified by agarose gel electrophoresis). M~1~dG enrichment in samples of DNA was performed as previously described using M~1~dG antibodies attached to sepharose beads ([@B32]). Following enrichment, samples of mtDNA from untreated cells (control) and adenine propenal-treated cells were submitted to HudsonAlpha (Huntsville, AL, USA) for ChIP library generation with the TruSeq ChIP Library Generation Kit (Illumina, San Diego, CA) and sequencing. Libraries were sequenced on the Illumina HiSeq 2500 with single-end 50 bp reads at a sequencing depth of 25M reads/sample. Fastq files were downloaded from HudsonAlpha and concatenated to single files. Paired-end reads were aligned to the hg19 build using Bowtie2 and converted to BAM files, sorted and indexed using Samtools1.2. Sorted BAM files were used as input for MACS2 using the narrow and broad options. Sequence alignments were viewed in Integrated Genome Viewer.

Statistical Analysis {#SEC2-11}
--------------------

Statistical analyses and generation of graphs were performed using Graph Pad Prism 6.0c (Graph Pad Software, San Diego, CA, USA). Differences in adduct levels between controls and treatments in triplicate experiments were determined using a one-way ANOVA and Tukey\'s *post hoc* analysis or another appropriate comparative test. Differences were considered significant if *P* \< 0.05.

RESULTS {#SEC3}
=======

M~1~dG levels in mtDNA {#SEC3-1}
----------------------

We recently reported that M~1~dG levels in nuclear DNA increase on exposure to adenine propenal and that M~1~dG is oxidized to 6-oxo-M~1~dG at a faster rate than it is removed by NER in several human cell lines ([@B16]). Since mitochondria generate high levels of oxidative stress, we sought to determine the levels of M~1~dG in mtDNA under both basal conditions and following electrophile treatment. We observed basal M~1~dG levels in RKO mtDNA to be two adducts per 10^6^ dG whereas the levels were 2.3 adducts and two adducts per 10^6^ dG in HEK293 and HepG2 cells, respectively. Given that human cancer cells have ∼5000 mtDNA molecules, each containing 16 569 bp ([@B36]), a basal level of ∼2 M~1~dG adducts per 10^6^ dG equates to ∼82 M~1~dG adducts per cell. It is important to note that this value only includes basal M~1~dG adducts in mtDNA and does not include contributions from nuclear DNA. The levels of M~1~dG in mtDNA were 2 orders of magnitude higher than those found in nuclear DNA of the same cell lines (∼1.5 adducts per 10^8^ dG).

The comparatively high levels of M~1~dG in mtDNA, might be due to exposure to electrophiles generated during the cell lysis and DNA extraction procedure. To address this possibility, an experiment was conducted in which TEMPO, an antioxidant scavenger, was included during all phases of sample processing according to an approach previously reported by Swenberg *et al.* ([@B37]). The results indicated that there was no significant difference in M~1~dG levels in mtDNA isolated from control cells versus cells that were processed in the presence of TEMPO ([Supplemental Figure S1](#sup1){ref-type="supplementary-material"}). These results suggest that M~1~dG is not formed in mtDNA by exposure to electrophiles or oxidants during sample workup.

M~1~dG levels in mtDNA increased significantly with adenine propenal treatment, as exemplified in RKO cells, and they remained constant for up to 24 h thereafter (Figure [2](#F2){ref-type="fig"}). This is in contrast to M~1~dG levels in nuclear DNA that increase with adenine propenal treatment but then decrease over time after the electrophile is removed ([@B16]). The decrease in nuclear DNA M~1~dG levels correlates closely with the appearance of 6-oxo-M~1~dG ([@B16]). Remarkably, oxidation of M~1~dG to 6-oxo-M~1~dG was not observed in the mtDNA from any of the cell types investigated ([Supplemental Figure S2](#sup1){ref-type="supplementary-material"}). MtDNA from RAW264.7 macrophages was also isolated and analyzed. The RAW264.7 cell line is a well-studied system for investigating inflammation and associated metabolic processes ([@B38]). We found that the basal level of M~1~dG in mtDNA of RAW264.7 macrophages (∼1 adduct per 10^5^ dG) was surprisingly high, and consistent with the other cell lines, it was two orders of magnitude above the nuclear DNA level (∼1 adduct per 10^7^ dG). Again, no fluctuation in the mtDNA M~1~dG levels or conversion of mtDNA M~1~dG to 6-oxo-M~1~dG was observed.

![M~1~dG levels in mtDNA in RKO cells after treatment with adenine propenal (400 μM) for 1 h. The electrophile was removed, and cells were lysed at the indicated times for mtDNA isolation and analysis. Data represent the mean ± S.D. of triplicate determinations.](gky089fig2){#F2}

Effect of oxidative stress on M~1~dG levels in mtDNA {#SEC3-2}
----------------------------------------------------

To investigate the effect of oxidative stress on levels of M~1~dG in mtDNA, all the cell types were treated with various agents that modulate levels of superoxide in the mitochondria. Rotenone is a known mitochondrial toxicant that inhibits complex I of the electron transport chain, resulting in more electron leakage and an increase in superoxide levels ([@B41]). We found that in the RKO cells, M~1~dG levels in mtDNA were increased by 200% compared to basal levels following rotenone treatment (Figure [3A](#F3){ref-type="fig"}). Treatment of RKO cells with antimycin A, a complex III inhibitor that also results in superoxide formation, produced similar results ([Supplemental Figure S3](#sup1){ref-type="supplementary-material"}). MitoTEMPO is a superoxide scavenger that decreases levels of superoxide selectively in mitochondria ([@B44],[@B45]). Treatment of RKO cells with mitoTEMPO at 10 μM for 24 h, significantly decreased, by 65%, mtDNA M~1~dG levels compared to those from untreated cells (Figure [3A](#F3){ref-type="fig"}). However, treatment with TEMPOL, a ubiquitously dispersed superoxide scavenger ([@B44]), at 10 μM for 24 h, did not decrease M~1~dG levels in mtDNA (Figure [3](#F3){ref-type="fig"}). MitoTEMPO also significantly decreased the mtDNA M~1~dG levels of cells treated with rotenone, resulting in levels comparable to those seen in cells treated with vehicle alone. In contrast, TEMPOL had no effect on rotenone-mediated increases in M~1~dG levels in mtDNA. Importantly, in all the treatments described above, M~1~dG levels in nuclear DNA were unchanged compared to those in vehicle-treated cells (Figure [4](#F4){ref-type="fig"}). The same treatments were conducted in HEK293, HepG2 and RAW264.7 macrophages. In all of these cell types, similar trends were observed to those seen with the RKO cells (Figure [3B](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}).

![M~1~dG levels in the mtDNA of RKO cells (panel **A**), HEK293 cells (panel **B**), HepG2 cells (panel **C**) and RAW264.7 cells (panel **D**) after treatment with rotenone (100 nM), and/or mitoTEMPO (10 μM), and/or TEMPOL (10 μM) for 24 h. Basal levels of M~1~dG in mtDNA were determined to be two adducts per 10^6^ dG, 2.3 adducts per 10^6^ dG, two adducts per 10^6^ dG and one adduct per 10^5^ dG in RKO cells, HEK293 cells, HepG2 cells and RAW 264.7 macrophages respectively. Data represent the mean ± S.D. of triplicate determinations.](gky089fig3){#F3}

![M~1~dG levels in nuclear DNA in RKO cells after a 24-h treatment with rotenone (100 nM), mitoTEMPO (10 μM), or TEMPOL (10 μM) alone or with rotenone (100 nM) and either mitoTEMPO (10 μM) or TEMPOL (10 μM). Data represent the mean ± S.D. of triplicate determinations. In RKO cells, basal levels of M~1~dG in genomic DNA was determined to be 1.5 adducts per 10^8^ dG.](gky089fig4){#F4}

M~1~dG levels and BMP signaling {#SEC3-3}
-------------------------------

Pulmonary arterial hypertension (PAH) is a rare, progressive, often fatal disease resulting from endothelial dysfunction and vascular remodeling of small pulmonary arteries ([@B46]). A familial form of PAH results from a germline mutation of the gene encoding the bone morphogenetic protein receptor type II (BMPR2). BMPR2 is a transmembrane receptor consisting of an extracellular ligand-binding domain, a short transmembrane domain, a kinase domain, and a long cytoplasmic tail. Reduced expression of BMPR2 is also observed in many patients with idiopathic PAH and is associated with impaired mitochondrial function, oxidative stress, and increased mtDNA damage ([@B47],[@B48]). Thus, we hypothesized that PAH-associated aberrant mitochondrial function could be correlated with an alteration in M~1~dG levels in mtDNA. To test this hypothesis, we employed BMPR2 heterozygous null (*BMPR2*^+/−^), and transgenic BMPR2 mutant (BMPR2^R899X^) mice that had been crossed onto the Immortomouse background as a model of familial PAH. We isolated mtDNA from PMVECs from wild-type, *BMPR2*^+/−^ and BMPR2^R899X^ mice and analyzed it for levels of M~1~dG. Consistent with our hypothesis, we found that M~1~dG levels in the mtDNA from BMPR2^R899X^ and *BMPR2*^+/−^ PMVECs were ∼2-fold higher than those in the corresponding wild-type mice (Figure [5](#F5){ref-type="fig"}).

![(**A**) Mitochondrial M~1~dG levels in mtDNA in PMVECs isolated from transgenic BMPR2 (bone morphogenetic protein receptor 2) mutant mice (BMPR2 ^R899X^) and wild type mice. Data represent the mean ± S.D. of quadruplicate determinations. (**B**) Mitochondrial M~1~dG levels in mtDNA in PMVECs isolated from BMPR2 heterozygous null (*BMPR2*^+/−^) cells compared to wild-type. Data represent the mean ± S.D. of quadruplicate determinations.](gky089fig5){#F5}

DNA sequencing analysis {#SEC3-4}
-----------------------

To determine if formation of M~1~dG in the mitochondrial genome occurs in a sequence-specific manner, we isolated mtDNA from RKO cells with or without prior adenine propenal treatment. Following isolation, the DNA was sheared by sonication, and M~1~dG-containing sequences were enriched using sepharose beads coated with anti-M~1~dG antibody (Figure [6](#F6){ref-type="fig"}) ([@B32]). Samples of the enriched mtDNA from both adenine propenal-treated and control untreated cells were subjected to Illumina sequencing. No regions of enrichment in the mtDNA were found, regardless of pretreatment, suggesting that M~1~dG is present throughout the mitochondrial genome (Figure [7](#F7){ref-type="fig"}).

![Workflow for the preparation of mtDNA from RKO cells for sequencing analysis following treatment with adenine propenal (400 μM) for 1 h.](gky089fig6){#F6}

![Representative coverage of a 2 kb region of the mitochondrial genome. The signal corresponding to mtDNA from cells treated with adenine propenal and enriched with the M~1~dG antibody (blue) shows increased sequence reads but does not show enrichment of distinct regions when compared to the signal corresponding to mtDNA from cells not treated with adenine propenal and enriched (red).](gky089fig7){#F7}

DISCUSSION {#SEC4}
==========

M~1~dG is an endogenous lesion that is detectable in the genomic DNA of humans and rodents ([@B32],[@B49]). M~1~dG is repaired by NER, and the free nucleotide is oxidized to 6-oxo-M~1~dG by cytosolic xanthine oxidase and aldehyde oxidase ([@B15],[@B54]). Very recently, we have shown that M~1~dG in genomic DNA of intact cells is oxidized to 6-oxo-M~1~dG across a variety of cell types by a process that appears to be enzymatic ([@B16]). In most cells that have been studied, basal levels of M~1~dG in genomic DNA are low, suggesting efficient repair/removal in the face of presumed ongoing production due to continuous exposure to MDA and/or base propenal (Figure [1](#F1){ref-type="fig"}). Under these conditions, repair of M~1~dG likely occurs by NER. Oxidation of M~1~dG might also occur, but if so, the resulting 6-oxo-M~1~dG must be removed or repaired very quickly such that its levels remain undetectable. When cells are exposed to adenine propenal, however, levels of M~1~dG in genomic DNA rise, indicating that the rate of formation of the adduct exceeds that of normal repair mechanisms. Under these conditions, conversion of M~1~dG to 6-oxo-M~1~dG becomes the primary route for the observed subsequent decrease in M~1~dG. Additionally, the rate of formation of 6-oxo-M~1~dG must exceed its rate of repair, as conversion of M~1~dG to 6-oxo-M~1~dG appears to be almost quantitative ([@B16]). Unlike RKO, HEK293, or HepG2 cells, 6-oxo-M~1~dG is detected in genomic DNA of RAW264.7 cells under basal conditions, presumably because higher levels of oxidative stress in these cells ([@B38]) lead to rates of M~1~dG formation that exceed the capacity of DNA repair mechanisms. The result is both a high steady state level of M~1~dG and detectable 6-oxo-M~1~dG ([@B16]).

In mtDNA, basal levels of M~1~dG are much higher than those found in genomic DNA, and we surmised that this might be due to the higher levels of ROS in mitochondria and/or the fact that mitochondria lack the ability to perform NER ([@B55]). Studies have revealed that mitochondria possess a rather robust base-excision repair (BER) pathway, including single-nucleotide base excision repair (SN-BER), long-patch BER (LP-BER), and single-strand break repair (SSBR) ([@B58]). However, M~1~dG does not appear to be repaired by any of these mechanisms. Furthermore, in mtDNA, no formation of 6-oxo-M~1~dG was observed, even after adenine propenal treatment that raised M~1~dG levels or in the case of RAW264.7 cells that exhibited high basal levels of M~1~dG. In fact, after adenine propenal exposure, the mitochondria maintained the elevated steady state level of M~1~dG for an extended period of time. The failure to detect 6-oxo-M~1~dG in mtDNA suggests that the putative enzyme that catalyzes M~1~dG oxidation is absent in the mitochondrion. However, we cannot completely rule out formation of 6-oxo-M~1~dG in mtDNA. It is possible that it occurs, but the rate of 6-oxo-M~1~dG repair/removal is so rapid that no detectable steady state levels are observed even when M~1~dG levels are very high. The apparent absence of M~1~dG repair mechanisms in mitochondria suggests that removal of M~1~dG might require total degradation of highly damaged mtDNA or destruction of the entire mitochondrion.

We hypothesized that the higher levels of M~1~dG in mtDNA than genomic DNA could be due to the leak of electrons from complex I and III of the mitochondrial electron transport chain leading to local production of superoxide and other ROS ([@B63],[@B64]). In support of this hypothesis, we found that agents that increase electron leakage (rotenone and antimycin A) ([@B41]) resulted in an increase in M~1~dG in mtDNA (Figure [3](#F3){ref-type="fig"}). A recent report has shown that abasic sites and single strand breaks are the predominant forms of mtDNA damage produced by rotenone-induced stress in cultured cells ([@B65]). The C4′-oxidation of an abasic sugar results in the formation of base propenal ([@B66],[@B67]), a direct precursor to M~1~dG (Figure [1](#F1){ref-type="fig"}). Our hypothesis was further validated by the reduction in both basal and rotenone-induced mtDNA M~1~dG levels obtained upon treatment with mitoTEMPO, a mitochondrially specific superoxide scavenger but not TEMPOL, a ubiquitously dispersed superoxide scavenger ([@B44],[@B45]). It is important to note that none of the treatments described above affects M~1~dG levels in nuclear DNA. Therefore, these results imply that mitochondrial oxidant production is not the cause of this form of genomic DNA damage.

Relatively little is currently known about the potential contribution of mtDNA adducts to specific disease states. Consequently, we investigated the levels of M~1~dG in a mouse model of PAH, a disease associated with mitochondrial dysfunction and oxidant injury that has been associated with mutations in the *BMPR2* gene ([@B68],[@B69]). Recent work has revealed a direct link between BMPR2 mutation and impaired mitochondrial function accompanied by an increase in DNA damage ([@B48]). Specifically, mutation in the *BMPR2* gene led to the induction of a large 4977-bp deletion in mtDNA (ΔmtDNA4977) ([@B48]), a lesion associated with the formation of the oxidation product 8-oxo-dG in mtDNA ([@B70]). In the present study, we found that the endogenous level of M~1~dG was 2-fold higher in mtDNA from PMVEC obtained from mice with a mutated *BMPR2* gene than from wild-type mice. A similar trend was observed in mtDNA from PMVEC recovered from heterozygous null (*BMPR2*^+/−^) mice. The heterozygous null mutation is the same as is found in most hereditary PAH patients ([@B29]). The finding of elevated mtDNA M~1~dG levels in these mouse models of PAH is consistent with a recent report that there is an increased production of ROS, likely of mitochondrial origin, accompanied by evidence of lipid peroxidation in cultured cells, mice, and humans in the presence of a BMPR2 mutation ([@B28]). Numerous prior reports highlight a correlation between elevated levels of M~1~dG in various pathological states ([@B49],[@B71],[@B72]); however, it is unknown in these cases whether the adducted DNA was genomic or mitochondrial. Thus, the data presented here provide the first clear evidence of a correlation between mtDNA M~1~dG levels and a disease state.

The human mitochondrial genome has been sequenced in its entirety, and the individual genes have been identified and characterized ([@B73],[@B74]). Additionally, several mutations in mtDNA have been correlated with specific disease states ([@B18]). Consequently, we sought to investigate whether M~1~dG accumulated in any particular mtDNA gene(s) or sequence contexts. The finding that M~1~dG is present at roughly equal levels across the mitochondrial genome (Figure [7](#F7){ref-type="fig"}) suggests that the adduct is not likely responsible for any specific known mutations; however, recent studies showing that M~1~dG arrests human mitochondrial RNA polymerase (POLRMT), support the hypothesis that it might impair mitochondrial gene expression ([@B75]).

The observation of M~1~dG in mtDNA is not unprecedented, as Jeong *et al.* reported an approximately two-fold higher level of M~1~dG in mtDNA than genomic DNA from rat liver ([@B37]). Thus, that report agrees with the current finding that adduct levels are higher in mtDNA than genomic DNA, but there appears to be a difference in the magnitude of that difference (2-fold versus 100-fold). It is possible that immortalized cells in culture experience higher levels of mitochondrial oxidative stress than in an intact organ. Alternatively, it is possible that post-mortem changes lead to degradation of the adduct in the mitochondria or during tissue processing (e.g. oxidation of M~1~dG to 6-oxo-M~1~dG). Another source of the difference might be the methodology used. In the earlier report, adduct levels were determined by LC--MS/MS analysis of the pentafluorobenzylhydrazine (PFBH) conjugate with the M~1~dG nucleobase whereas the present methodology involves direct quantification of M~1~dG residues by LC/MS--MS ([@B37]).

A review of the literature reveals that M~1~dG is not the only oxidative stress-related DNA adduct that is elevated in mtDNA compared to nuclear DNA. For example, 8-oxo-dG, one of the most studied oxidative lesions, has been found to be elevated in the mitochondria ([@B76]). Additionally, in an animal model of Wilson\'s disease, etheno-DNA adducts \[1,*N*^6^-ethenodeoxyadenosine (ϵdA) and 3,*N*^4^-ethenodeoxycytidine (ϵdC)\] were found to be elevated in mtDNA as compared to nuclear DNA ([@B79]). Also, in a study looking at the relationship between oxidative stress and Alzheimer\'s disease, oxidized bases in different lobes of the brain and cerebellum were isolated and quantified. The study identified the presence of 8-oxo-dG as well as 8-oxo-dA, 5-hydroxy-2′-deoxyuracil, 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) and 4,6-diamino-5-formamidopyrimidine (FapyA), and demonstrated that levels of these adducts in the DNA from some brain regions were higher in Alzheimer\'s disease patients than in controls. Significantly, mtDNA possessed 10-fold higher levels of oxidized bases than nuclear DNA in both experimental and control groups ([@B77]).

The somatic mutation rate of mtDNA is 10--20 times higher than that of nuclear DNA ([@B80]). In our present studies, we have conducted investigations to study the relationship between oxidative stress and levels of M~1~dG in the mitochondrion. Our data provide strong evidence that increases in oxidative stress lead to a direct increase in levels of M~1~dG in mtDNA. The persistence of high levels of M~1~dG in mtDNA, could both promote mutation and have deleterious consequences for the transcription of mitochondrial genes. Importantly, the increase in mtDNA M~1~dG levels when BMP signaling is impaired provides a link between M~1~dG levels in mtDNA and pulmonary arterial hypertension, a mitochondrially related disease state. These results provide important new insight into the formation of a major endogenous adduct in the mitochondrion and suggest a possible role in pathological processes associated with mitochondrial dysfunction. Furthermore, as the levels of M~1~dG in mtDNA appear to be constant over time, it might serve as a biomarker for disease states, especially those associated with mitochondrial oxidative stress.
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